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The  subject  for  invecti^tioa  was  chosen  because  of  the  need  for  a 
schlisren  system  for  the  axi-aymestrical  wind  tunnel  operated  under  haval 
Ordnance  Contract  16498,  Task  UTX-2-A,  at  the  Defense  Research  Laboratory, 

The  University  of  Texas.  The  system  io  required  to  have  good  sensitivity 
and  relatively  high  magnifi cation,  yet  remain  ccaqpact  and  simple  ee  possible . 
By  the  use  of  lenses  the  system  is  of  the  single  pass  type  which  gives  a 
fairly  high  light  intensity  for  photography  evvat  after  the  light  bee  been 
mcmoahromatised.  A  single  pass  system  requiiss  only  e  single  path  optic 
bench  which  can  be  readily  adapted  and  easily  adjusted  to  any  wind  tunnel 
installation. 

In  contacting  various  wind  tunnel  installations  throughout  the 
United  states,  it  vas  discovered  that  most  of  them  used  the  conventional 
parabolic  -mirror  type  schlisren  system  which  is  usually  quite  large  and 
expensive. 

This  lens  type  syetom  is  designed  to  be  used  with  a  wind,  tunnel  with 
a  small  field  of  view,  that  is,  a  tunnel  having  a  test  section  of  small 
height  and  length.  The  system  Is  by  mo  means  the  best  type  but  is  usable  and 
of  fairly  good  quality.  _ 

Acknowledgment  is  gratefully  extended  to  Mr.  William  H.  Shutts  and 
Hr.  John  L.  Harkness  for  their  valuable  counsel/  and  to  Mr.  Burnett  T .  Hawley 
end  Hr.  Albert  F.  Semuelson  for  construction  in  the  arshine  shop. 
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JKWRr  cr  8CHUJCRXH  SXGTXM 

&Y>\Uer«Q  ccmi  from  tbs  (krmn  word  "sehiicrs"  used  in  glass  technology 
to  d*  :i ibe  streak  or  striation  ia  which  the  refractive  index  differ*  froa  the 
value  ii,  the  surrounding  field. 

"The  schlieren  apparatus  Is  an  optical  instrument  that  is  used  in  the 
study  of  supc:  sonic  fleer  phenomena .  With  this  instrument  photographs  are  taken 
in  vhlch  the  pattern  and  intensity  of  the  light  and  dark  areas  are  a  Measure 
of  the  density  gradients  in  the  field  of  view,"  (Ref.  3). 

In  theory  it  ia  sestet  lass  possible  to  use  schlieren  system  to  quanti¬ 
tatively  Measure  the  density  gradients  in  the  flow,  but  there  are  usually 
practical  difficulties  In  this,  and  in  aerodynamics  they  are  most  commonly 
used  to  show  the  positions  and  shapes  of  regions  of  shock  waves  and  in 
boundary-layers  and  wakes  (Ref.  7)* 

The  best -known  schlieren  Methods  are  the  Toeplsr  system  and  direct - 
shadow  technique,  which  ia  usually  attributed  to  Dvorak i  both  were  developed 
ia  the  second  half  of  the  19th  century.  Tbs  complete  history  and  development 
of  these  different  types  of  schlieren  system  are  discus nod  in  Reference  5* 

Such  methods  are  of  great  assistance  la  building  up  a  physical  understanding 
of  the  flow,  and  enable  a  relatively  large  field  to  be  examined  rapidly  and 
without  the  introduction  of  the  disturbances  produced  by  exploring  instruments . 
When  used  in  conjunction  with  high  speed  photography  they  ore  also  valuable 
for  observing  and  recording  unsteady  flews,  (Ref.  7). 

The  principal  elements  of  the  Toeplsr  schlieren  method  using  lenses  are 
shown  in  figure  1.  The  following  is  the  theory  of  the  schlieren  system  as 
explained  by  Llepmann  and  Puckett,  (Ref.  9).  The  light  from  a  lamp  is  condensed 
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FIG.  I  :  THE  PRINCIPAL  ELEMENTS  OF  THE  TOEPLER 
SCHLIEREN  METHOD  USING  LENSES 
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FIG.  2!  CAPTURE  OF  DEFLECTED  LIGHT  RAYS 
BY  THE  IMAGE  KNIFE-EDGE 
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fcjr  *  lens  to  *  knife-edge  which  acts  as  an  adjustment  for  the  intensity  and 
form  a  ftlit  which  i*  the  effective  light  source,  K^.  The  light  fro*  the 
•ourc*»  f^ll*  oc  a'lens  L^,  which  produces  parallel  light.  The  subject 
to  be  examined, for  instance  a  cross  section  of  a  wind  tunnel,  is  located  at  8. 
Ssch  poiat  of  8  receives  light  from  all  points  of  the  light  source  it, ,  and  is 
thereby  uaoifonOy  iUumimted.  Light  passes  through  8,  and  falls  upon  the 
leas  I*,,  which  then  converges  the  light.  The  lens  L*,  then  receives  the  light 
and  forms  aa  inage  of  8,  at  I,  which  nay  be  an  observation  screen  or  photo¬ 
graphic  plate.  By  placing  a  knife-edge  in  the  focal  plane  Kg,  at  the  focal 
point  of  lens  Lg,  a  fraction  of  the  image  of  the  source  is  cut  off  so  that 
only  part  of  the  light  reaches  the  screen.  If  the  density  in  the  flow  field 
is  uniform  across  planes  normal  to  the  direction  of  the  light,  the  screen 
darkens  uniformly  as  the  knife-edgs  is  moved  across  because  the  images  of  the 
source,  associated  with  the  light  passing  through  individual  region*  of  the 
flow  field,  are  coincident  at  Kg.  If  the  knife-edge  is  introduced  into  the 
light  path  ahead  of  or  behind  the  focal  point  Kg,  the  image  I,  will  not  darken 

v 

uniformly,  but  the  shadow  of  the  knife-edge  will  appear.  At  the  focal  point 
of  lens  Lg,  and  at  no  other  point  along  the  optical  axis,  does  a  point  receive 
light  from  all  points  of  S . 

The  uniform  darkening  of  I  supposes  that  all  light  rays  from  8,  pass 
through  Kg,  that  is,  no  deflection  of  light  occurs  in  passing  through  8.  If  in 
the  flow  there  is  a  density  gradient  normal  to  the  direction  of  the  light,  the 
bean  is  deflected  towards  the  region  of  higher  density  because  the  light  travels 
more  slowly  where  the  density  is  greater.  If  the  rays  through  a  particular 
point  are  given  a  small  angular  deflection,  the  fraction  of  this  ray  intercepted 
by  the  knife-edge  is  not  the  sees  as  that  for  undeflected  rays. 
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In  Figure  2,  the  rays  from  V  here  been  deflected  downward  and  less 
light  escapes  the  knife-edge.  Therfore,  when  the  rays  of  light  are  brought 
to  focus  again  at  I,  the  Illumination  of  that  point  will  he  greater  or  less, 
depending  on  the  direction  of  the  deflection. 

The  schlieren  method  depends  upon  the  principle  that  the  illumination 
of  a  point  in  the  imge  is  due  to  the  nail  deflection  of  the  rays  as  they 
are  refracted  passing  through  the  subject  and  detected  by  the  knife-edge. 

Such  a  nail  deflection  nay  be  caused  by  a  density  gradient  in  the  air.  The 
areas  of  equal  illumination  In  the  Inge  I,  correspond  to  areas  of  equal 
deflection  of  the  light  rays,  and  hence  to  areas  of  equal  density  gradient  in 
the  flew  field,  S.  The  knife-edge  intercepts  only  rays  deflected  perpendic¬ 
ular  to  Its  edge;  therefore,  the  system  is  sensitive  only  to  tho  conponsnt  of 
the  density  gradient  in  that  direction.  By  rotating  the  knife-edge  about 
the  optical  axis,  the  density  gradients  in  any  plane  perpendicular  to  the 
axis  nay  be  measured. 

If  the  light  source  is  small  and  the  distance  from  the  subject  8,  to 
the  focal  point  of  lens  Lg,  is  large,  a  very  small  angular  deflection  of  the 
light  rays  nsy  produce  s  large  change  in  illumination  at  I.  The  sensitivity 
of  the  schlieren  system  is  measured  by  the  proportional  change  in  illuslnatlon 
of  the  Image  for  a  given  angular  deflection  of  the  light  rays .  Therefore,  the 
effect  of  increasing  the  else  of  the  light  eourcs  and  reducing  the  distance 
between  the  subject  8,  and  the  focal  point  of  lane  Lg,  is  to  decrease  the 
sensitivity  of  the  system. 

The  sensitivity  of  the  system  any  be  increased  by  decreasing  the  slit, 
that  is,  to  insert  the  knife-edge  farther  into  the  focal  point,  K^,  in 
Figure  1.  The  insult  is  a  greater  illumination  difference  in  the  field. 
However,  the  total  Illual  nation  of  the  field  is  also  proportional  to  the  slit 


5 

width  and  becomes  darker  u  the  knife-edge  Is  inserted.  For  a  desirable  ions* 
the  knife-edge  is  inserted  until  the  desired  sensitivity  is  obtained,  but  not 
eo  far  that  the  average  11  lmri  nation  of  the  field  becomes  too  lew . 

» 

A  single  straight  knife-edge  is  sometimes  used  but  a  double  knife -edg* 
.leaves  only  a  narrow  open  slit  cutting  out  all  stray  light .  In  the  case 
where  a  double  knife-edge  is  used  and  the  light  source  image  is  completely 
obscured  by  the  knife-edge,  only  density  gradients  larger  than  a  one  particular 
value  will  deflect  the  light  rays  sufficiently  to  register  on  the  screen. 

The  image  on  the  screen  will  appear  as  a  single  contour  line  along  which  the 
density  gradient  is  constant,  if  the  light  source  image  is  very  snail,  of  the 
sane  order  as  the  vidth  of  the  image  knife-edge  slit. 

Various  1ms  arrengmmists  nay  be  used  to  produce  the  schlleren  effect. 
However,  at  the  present  tine  spherical  or  parabolic  mirrors  are  preferable  to 
lens.  Hrree  reasons  for  the  preference  are:  (1)  iuhamogeneities  in  the  glass 
cause  the  light  to  scatter,  whereas  in  mirrors  the  light  never  enters  the 
glass )  (2)  refraction  In  glass  for  light  of  different  wave  lengths  causes 
chromatic  errors,  whereas  in  mirrors  this  is  eliminated  for  the  same  reason 
as  stated  in  (1);  and  (5)  accurate  large  lenses  are  more  difficult  to  construct 
than  large  mirrors. 

In  the  design  of  this  all -lens  schlleren  system  most  of  these  disadvantages 
have  been  eliminated  since  the  system  is  small  and  requires  only  small  lenses 
which  are  available  with  good  optical  quality  at  relatively  small  oost.  The 
advantage  of  this  system  is  its  compactness  coupled  with  good  sensitivity  and 
magnification. 
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DBS  ION  or  ALL-LXKS  SCHLIBUN  8YST* 

I.  OPTICAL  DEIGN  Qp  3Y8T® 

In  the  design  of  the  optics,  the  features  to  be  obtained  were 
(l)  good  sensitivity,  (2)  good  magnification  and  (3)  shortest  possible 
optical  path. 

The  distance  between  the  lamp  and  the  condensing  lenses,  as  well  as  the 
distance  between  the  light  source  knife-edge  and  the  condensing  lenses  is  set 
by  the  focal  length  of  the  condensing  lenses.  In  the  sane  manner  the  distance 
between  the  knife-edge  and  the  first  field  lens  is  set  by  tne  field  lens  focal 
length. 

The  distance  between  the  camera  lens  and  the  image  knife-edge  was 
arbitrarily  chosen  as  2  inches.  The  reminder  of  the  distances  are  calculated 
from  basic  lens  equations  and  substitutions  made  to  obtain  the  desired 
features.  The  subscripts  2  and  3  refer  to  lenses  and  L^,  respectively,  and 
u  is  the  subject  distance,  v  is  the  imge  distance,  and  f  is  the  focal  length, 
fioa  basic  optics, 


Prom  Figure  3;  the  relation  below  can  be  written: 


u3  "  V2_V2 


(5) 
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Rearranging  equation  (1), 


(4) 


To  find  r y  m  «  function  of  fy  u^>  and  fg>  aquation  (2)  and  (3) 
art  caabined 


V2^ 2 


1 


Fraa  which 


Y2  '  fa  +  2  ' 

5  3 


Rearranged  in  term*  of  Ty 


v3  “  7TT 


f3(fg24gfg»2ug) 


(^2  '^g-2u2)^5u2-f2^5 


(5) 


(6) 


Now  Yy  is  obtained  as  function  of  V  and  a,  where  a  Is  the 
Magnification  of  the  couplets  17s tea.  The  magnification  of  the  second  field 
lens  for  u^  >  fg>  is 


and  the  aagalfioatlon  far  the  ceoera  lens  is 


By  definition  the  total  Magnification  is 


.  V2V? 
V3 


*  "  V1? 


(7) 
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For  Ug  <  f  and  -rp+f  +g  >  f  the 


g+i2-w  r y  the  Magnification  for  the  cecooi  field  Ians  la, 


Md  the  ■a^alfloatloa  for  the  centra  lena  i« 


By  definition  e*in  the  total  salification 
“  V*3 

By  c  cabin  in*  equation  (3)  and  (4) 

V2 

u-  »  f0-f2-  -~~- 

^  2 


whloh  can  be  written 

„  *v*rt‘ 


Substituting  equation  (9)  into  equation  (7)  or  (8) 

(2s fk_V 

-  -  —Vk  ?  _ 

..  *v*vv 


which  reduces  to 


rj  ■ 


(10) 
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Eliminating  In  equations  (6)  and  (10), 

®  +2f2"2u2^f3U2*f2f5  ,  “  *2^3 
Bolving  for  in  equation  (11), 

-(fg^ya y 

3  '  (fg-Hafg-mig) 


(11) 


(12) 


By  assuming  Ug  as  20  Inches  for  good  sensitivity  and  f£  as  9  inches, 
the  focal  length  of  a  lens  already  available,  a  plot  can  be  nade  of 
&  versus  f y  This  is  shown  in  Figure  4.  A  double  concave  lens  with 
a  >7 .87  inch  focal  length  was  chosen  as  the  camera  lens  since  It  was 
available.  From  the  curve  In  Figure  4,  it  can  be  seen  that  this  gives  a 
magnification  of  2.75,  which  viU  be  sufficient  enlargement  of  the  image . 

Substituting  fg  •  9  Inches  end  Ug  ■  20  inches,  back  into  equation  (1), 
v2  may  be  found 

111 
v2  f2  '  “2 

(1) 

Vg  «*  16.56  Inches 

In  order  to  find  Vy  the  distance  from  the  camera  leno  to  the  ground 
glass  screen  or  photographic  plate,  vg  -  16.56  inches  and  fg  *  9  inches  are 
substituted  back  into  equations  (3)  and  (2) 

u3  “  f2+e_V2 

(3) 

Uj  ■  -5 .50  inches 
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Tj  *  18 .26  laches 


(2) 


Figure  5,  shoes  the  complete  optical  design  of  the  system.  To  produce  the 
parallel  light  through  the  wind  tunnel,  the  first  field  lens  is  located  at 
the  focal -length  distance  from  the  light  source  knife-edge.  The  distance 
between  the  first  field  lens  sad  the  wind  tunnel  is  variable  but  should  be 
kept  wall  to  reduce  sstigsatic  errors  caused  by  ncaparallel  light. 


FIG.  4:  PLOT  of  magnification  versus  focal 
LENGTH  OF  CAMERA  LENS 


XI.  MECHANICAL  DISIGH  CP  SYSTBM 


Light  Source .  The  uchlieren  light  Bource  constitutes  one  of  the  main 
components  of  the  ach.li.eren  system.  Hals  light  aource  conflicts  of  a  Mercury 
vapor  leap,  a  pair  of  condensing  lens  and  a  knife-edge,  distinguished  as  the 
light  aource  knife-edge.  The  light  salt  ted  by  the  knife -edge  ia  the  effective 
light  aource  as  considered  by  the  regaining  components  of  the  system. 

A  General  Electric  A-h6  water  cooled  mercury  vapor  leap  reted  at 
1000  watts  la  Mounted  horizontally  at  the  rear  of  the  light  aource  compartment . 
The  A~S6  lamp  is  approximately  inches  overall  and  constructed  of  quartz 
tubing  with  tungsten  electrodes  sealed  into  each  and  and  extending  through 
asreury  pools  into  the  la*p.  The  light  -producing  portion  of  the  tube  la 
approximately  2  ms  inside  diameter  by  25  an  long. 

The  initial  light  output  of  the  A-H6  leap  is  65,000  luaens.  The  maxi  gam 
illumination  is  195,000  oandlepower  per  square  inch,  which  1b  almost,  twenty 
times  brighter  than  filament  sources,  and  approaches  the  brightness  of  higb- 
In tensity  carbon  area. 

For  the  proper  operation  of  the  Type  A-H6  lamp,  water  oust  he  passed 
over  the  quartz  tube  feet  enough  to  prevent  formation  of  steam  bubbles  on  its 
surface.  To  accomplish  this,  a  tube  ia  placed  around  the  lamp,  with  a  very 
aoell  radial  clearance  through  which  the  water  mist  flow.  Because  the  cross 
section  of  the  water  passage  ia  restricted,  sufficient  velocity  is  obtained 
to  prevent  steam  formation  with  input  water  temperatures  up  to  120 QF.  A  water 
flow  of  about  3  quart#  per  minute  is  reocaaended  in  order  to  provide  sufficient 
latitude  for  some  fluctuation  in  water  pressure .  Water  with  a  high  electrical 
conductivity  my  be  unsuitable  for  cooling  the  A-H6  lamp.  The  specific  resist¬ 
ance  should  be  at  least  4000  ohms  per  cubic  centimeter.  Leakage  current  should 
not  oxceed  50  miiliamperet,  (Ref.  1). 
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The  power  supply  to  the  1000  volt  transformer  required  for  the  A-H6  Uuap, 
is  provided  with  an  overload  fuse  and  a  pressure  switch  which  will  break  the 
circuit  if  the  cooling  water  pressure  is  below  the  minimum.  Figure  6,  shows 
the  electrical  and  cooling  circuit  for  the  leap. 

The  condensing  Liases  for  the  light  source  are  two  inexpensive  plano¬ 
convex  lenses,  5  inches  in  diameter  with  a  4.5-inch  focal  length. 

The  design  of  the  knife-edge  permits  the  blades  to  move  the  full  width 
of  the  opening,  which  provides  for  the  insertion  of  a  screen  for  the  purpose 
of  focusing  the  light  source.  By  watching  the  image  upon  the  screen  inserted 
in  the  knife-edge  and  adjusting  the  position  of  the  lamp,  a  sharp  image  of 
the  lamp  can  be  obtained.  For  fine  adjustment  the  knife-edge  is  provided  with 
a  rotary  movement  about  the  optic  axis.  For  obtaining  the  schlleren  effect 
In  a  different  plane  the  knife-edge  can  be  removed  and  rotated. 

The  entire  light  source  assembly  is  housed  in  a  6-inch,  thin  walled 
brass  tube.  The  A-H6  lamp  is  inserted  in  the  tube  from  the  side  with  the 
water  and  electrical  connections  protruding  as  shown  in  Figure  7.  The  finned 
portion  of  tie  back  housing  provides  additional  cooling  to  prevent  overheating 
and  thus  reduces  the  possibility  of  breaking  the  condensing  lenses.  Adjustments 
of  the  light  source  ave  provided  in  the  lamp  mounting  thus  giving  both  vertical 
and  horizontal  movement.  The  condensing  lenses  are  in  a  fixed  position  of 
4.5  inches  frem  the  las®  along  the  optic  axis  and  the  knife-edge  is  In  a  fixed 
position  of  4.5  inches  from  the  condensing  lenses. 

To  prevent  the  occurrence  of  chromatic  errors  introduced  by  the  use  of 
the  mercury  lamp,  a  W ratten  type  50  gelatin  filter  is  inserted  immediately  in 
front  of  the  light  source  knife-edge .  The  W ratten  type  5$  filter,  which  transmits 
light  of  4560  and  4o8o  X,  was  selected  since  the  A-H6  lamp  is  predominant  in 
these  wavelengths  as  shown  in  Figure  8.  The  intensity  of  the  source  is  reduced 
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FIG.  6.  THE  ELECTRICAL  AND  COOLING  CIRCUIT 
FOR  THE  A-H6  LAMP 
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FIG.  8!  LIGHT  INTENSITY  OF  AN  A-H6  LAMP 
FOR  EACH  100  ANGSTROM  BAND 


by  this  filter,  but  in  order  to  obtain  Bcnochroaatie  light,  the  intensity  of 
the  light  source  mist  be  sacrificed. 


yield  Lenses.  Hie  optic  pieces,  except  for  the  field  lens  (a  specially 
ground  lens),  are  relatively  cheap  lenses.  The  original  optic  piece,  tested 
as  the  first  field  lens,  vas  striated,  thus  causing  the  light  to  be  dispersed. 
This  lens  was  of  a  short  focal  length.  To  replace  it  with  a  corrected  lens 
of  the  seat  focal  length,  a  cost  of  $1500  was  quoted.  Since  the  purpose  of 
this  optic  piece  was  to  form  the  parallel  light,  any  focal  length  could  be 
used  which  was  within  reason  and  the  longer  focal  lengths  sure  ouch  easier 
to  correct.  Accordingly,  a  corrected  5 -inch  lens  with  a  4C-inch  local  length 
was  obtained  for  $150  or  1/10  the  price  of  the  corrected  short  focal  length 
lens.  Thus  the  distance  between  the  light  source  and  the  first  field  lens 
vas  increased  fix*  9  inches,  as  originally  planned,  to  40  inch  s. 

The  second  field  lens,  Lg,  is  a  5 “inch  uncorrected  plano-convex  lens 
with  a  9 "inch  focal  length.  Originally  the  first  field  lens  was  of  the  same 
quality  as  the  second  field  lens . 

As  shown  in  Figure  9/  the  field  lease  3  are  noun  ted  it  aluminum  supports 
which  provide  rotation  in  two  planes  perpendicular  to  the  optical  axis.  The 
vertical  adjustment  is  provided  by  thumb -screws  on  the  lens  holder,  and  the 
longitudinal  setting  is  accompli shed  by  sliding  the  support  along  the  optical 
bench.  The  lens  holders  are  equipped  with  removable  covers  which  protect  the 
lens  while  the  system  is  not  in  use . 

Knife -edges .  Doth  the  light  source  knife-edge  and  the  Image  knife-edge 
are  of  the  same  construction  but  vhe  image  knife-edge  is  mounted  on  a  separate 
pedestal  which  can  be  adjusted  vertically.  The  knife-edge  construction  1b 
shown  in  Figure  10.  'Hie  knife-edges  are  raised  or  lowered  by  thumb-screws 


FIG  9.  FIRST  FIELD  LENS  SUPPORT 
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FIG.  I0:  KNIFE-EDGE  AND  CAMERA 
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which  ere  counter  balanced  by  compression  springs  to  insure  positive  movement. 
A  fine  rotary  adjustment  about  the  optic  axis  is  provided  by  opposing  thumb- 
screwo . 

Schlieren  photographs  nay  be  taken  of  density  gradients  in  a  vertical 
or  horizontal  plane  by  cutting  the  image  in  the  respective  plane.  In  order 
to  align  the  knife-edge  slit  vertically  or  horizontally,  the  knife-edge 
assembly  is  unscrewed  from  the  pedestal  and  replaced  after  rotating  90°. 

Camera .  The  camera  design  is  unique  in  that  a  double  con  caw  lens  is 
uo«d  to  form  the  image,  making  the  camera  unit  only  18  inches  long.  The 
usual  camera  lens  is  a  convex  leas  and  requires  distances  from  50  to  40  inches 
to  form  an  image  with  sufficient  magnification. 

As  shown  in  Figures  10  and  11,  the  camera  is  in  two  section*.  The  back 
section,  which  holds  the  ground  glass,  is  rectangular  and  the  front  section, 
which  holds  the  lens  and  shutter,  is  cylindrical.  The  two  sections  can  be 
moved  relative  to  each  other  to  set  the  lens  to  screen  distance  and  be  locked 
in  place  by  aeons  of  a  split  collar  on  the  bock  section.  The  shutter  is  a 
standard  Ilex  shutter  with  speeds  of  2  seconds  to  I/150  second.  The  ground 
glass  holder  allows  a  5x7  film  pack  to  be  slipped  in  place  for  photographing. 


FIG.  I  I  :  BACK  VIEW  OF  CAMERA 


CHAPTE  in 


OPERATEW  PROCEDURE 
CT  THE  ALL -UBS  SCHLIKIXN  SYSTEM 

Tbs  foilwing  is  the  operating  procedure  for  the  use  of  the  all -lens 
schlieren  systen,  as  tiaed  in  setting  up  all  tests. 

(1)  The  system  is  rolled  into  place  and  sieve  ted  by  mans  of  the 
three  screws  on  each  beach  stand  until  the  optical  axis  is  at  the  height  of 
the  wind  tunnel  centerline. 

(2)  The  inlet  water  hose  is  connected  to  the  control  box  outlet  and 
the  return  water  line  placed  in  a  drain. 

(3)  The  water  valve  at  the  control  box  should  be  opened  until  the 
pressure  switch  clicks,  indicating  the  minimi  water  pressure  at  which  the 
lamp  will  operate.  The  water  flow  is  then  measured  at  the  drain  to  see  if 

it  is  above  the  mininum  of  3  quarts  per  minute .  This  cut-off  pressure  setting 
■ay  be  changed  by  adjusting  the  pressure  switch. 

(4)  The  power  my  now  be  applied  to  the  lamp.  If  the  lamp  housing 
becomes  extremely  hot,  extra  cooling  should  be  provided  by  bloving  air  over 
the  finned  portion  of  the  housing. 

(3)  In  focusing  the  light  source  the  knife-edge  is  opened  to  the 
Maximum  and  an  onion  skin  paper  screen  inserted  in  the  knife-edge  plane. 

While  watching  the  screen,  the  laiso  is  adjusted  until  a  sharp  image  of  the 
lamp  <s  focused  oo  the  screen .  The  paper  screen  can  then  bo  removed  and  the 
knife-edges  closed  to  a  slit  of  about  1/64 -inch  width.  The  slit-vidth 
partially  determines  the  system  sensitivity  end  controls  the  light  intensity. 
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(6)  The  first  field  lens  Is  then  set  by  measuring  the  exact  distance 
of  40  laches  from  the  light  source  knife -edge  to  the  center  of  the  lens. 

The  lens  Is  raised  and  rotated  until  perfectly  aligned  perpendicular  to  the 
optic  axis. 

(7)  The  test  (section  of  the  wind  tunnel  nay  be  any  distance  fra*  the 
first  field  lens  but  is  arbitrarily  chosen  as  5  inches.  The  distance  fro* 
the  second  field  leas  to  the  test  section  is  then  set  at  20  inches. 

(8)  The  ixage  knifs-adge  la  positioned  with  the  light  source  "Ca"  by 
aorlng  the  pedestal  along  the  optic  axis  until  the  (smallest,  sharp  ismgs 
appears  upon  the  closed,  knlfe-edgs .  The  final  positioning  is  dooti  by  watching 
the  ground  glass  screen  to  see  that  the  screen  is  uniformly  darken*!  as  the 
knifs -edges  are  moved  in  and  out.  The  knife-edge  slit  nay  be  partially  set 
by  raising  the  upper  edge  and  allowing  the  lower  edge  to  block  half  of  the 
image.  The  final  adjustments  of  the  edges  must  be  set  with  a  density  gradient 
in  the  test  section  so  the  desired  sensitivity  and  light  intensity  will  appear 
on  the  screen. 

(9)  Thi  distance  front  the  camera  leas  to  the  screen  should  be  set  at 
18.3  inches  by  sliding  the  cylindrical  front  section  into  the  rectangular 
beck  section.  The  camera  lens  is  set  about  two  inches  from  the  image  knife- 
edge  or  in  a  position  so  that  a  sharp  inage  of  the  test  section  will  be 
projected  on  the  screen. 

(10)  In  order  to  view  the  screen  the  camera  shutter  is  set  on  tine  and 
opened.  Yor  photographing,  when  using  the  filter  on  the  light  source,  the 
shutter  speed  is  set  from  l/50th  to  l/l^Oth  second  depending  on  the  light 
intensity.  The  aperture  is  set  so  the  image  covers  the  complete  screen  or  until 
the  desired  portion  of  the  test  section  appears  on  the  screen. 


CHAPTER  IV 


USTJHO  AID  RJC3ULTB 

A  tvo-dljaen*  local,  continuous -flow  vrlnd  tunnel  at  nominal  Mfcch  Sumbore 
of  1.9  and  3*7  vm  used  to  test  the  all -Ians  schlieren  system.  The  sat  up 
of  the  ochlieren  system  in  the  circuit  of  the  two  dimensional  wind  tunnel  is 
shown  in  Figure  12. 

Figure  13  shows  the  shock  wave  from  a  30  degree  cone  at  a  Mach  Humber 
of  I.87,  as  calculated  from  the  ratio  of  test  section  static  pressure  to 
settling  chamber  pressure.  The  shock  angle  from  the  30  degree  cone  indicates 
a  Mach  Humber  of  1.87,  as  read  from  Dailey  and  Wood  (Ref.  6).  Figure  l1*  shows 
the  shock  wave  from  a  12  degree  wedge  at  a  calculated  Mach  Humber  of  3.5, 
baaed  on  a  pressure  ratio  of  0.0131.  The  measured  shock  angles  from  the 
12  degree  wedge  indicate  a  test  section  Much  Humber  of  3-73,  as  read  from 
Dailey  and  Wood.  As  can  be  seen  the  calculated  Mach  lumber  in  lower  than 
the  Mach  Humber  indicated  by  the  shock  angles.  An  explanation  of  this  would 
be  that  weak  shock  waves  originating  in  the  norile  cause  the  test  section 
static  pressure  taps  to  read  slightly  higher. 

The  shock  wave  from  a  quarter  inch  sphere  at  a  Mach  Humber  of  1 .87 
is  shewn  in  Figure  15 . 

The  photographs  using  the  all -lens  ochlieren  system  indicate  fairly 
good  sensitivity  au. though  less  sensitive  than  the  photograph  shown  in 
Figure  16,  taken  with  a  parabolic  mirror  echlierm.  >ystem.  By  the  use  of 
secure tu  lenses  throughout  the  lens  schlieren  system,  the  sensitivity  could 
be  Increased  considerably.  The  lens  schlieren  system  does  give  s  Magnification 
of  the  test  section,  while  the  mirror  schlieren  system  actually  denagoifles . 
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FIG.  13:  schlieren  photograph  of 
a  30°  CONF  AT  MACH  1.87 


FIG .  14:  schlieren  photograph  of 
A  12°  WEDGE  AT  MACH  3.75 


schlieren  photograph  ( 
A  SPHERE  AT  MACH  1.87 


52 


It  was  found  that  the  calculated  positions  of  the  schlieren  coosponents 
were  correct.  Adjusting  of  the  camera  position  each  time  the  systen  was  set 
up  was  necessary  to  obtain  a  sharp  image  of  the  test  section. 

Variation  of  the  light  source  knife-edge  width  showed  a,  marked  variation 
in  the  illumination  of  the  image .  When  a  vide  source  slit  was  used  the  upper 
and  lower  parts  of  the  image  would  appear  dark  as  shown  in  Figure  17 .  In  thi3 
case  the  image  knife-edge  would  cut  off  these  regions.  By  using  the  narrowest 
slit  possible  and  yet  obtaining  enough  light  intensity,  an  image  of  uniform 
illumination  may  be  obtained  as  in  Figure  14 .  The  sane  type  of  darkening  of 
the  upper  and  lower  parts  of  the  image  as  ehewn  in  Figure  17,  would  appear, 
if  the  image  knife-edge  was  not  Bet  exactly  at  the  focal  point  of  the  second 
field  lens . 

Figure  18  show*  the  test  section  with  no  flow.  With  this  a  comparison 
can  be  made  of  photographs  taken  at  supersonic  flow,  thus  rooking  it  possible 
to  distinguish  the  shock  waves  from  tha  scratches  on  the  glass  window . 
Considerable  difficulty  was  encountered  in  running  the  continuous  flow  wind 
tunnel  in  that  oil  would  deposit  on  the  tunnel  windows  and  cause  the  stream¬ 
line  effect  ao  seen  in  Figure  15. 

The  effect  of  taking  photographs  with  and  without  a  filter  is  shown  in 
Figures  15  and  19,  respectively.  Without  a  filter,  Figure  19,  the  image  appears 
in  a  hue  of  colors  which  will  not  focus  in  a  sharp  image .  A  longer  film 
exposure  time  was  required  for  photographing  when  using  the  filter  to  compensate 
for  a  lower  ligftt  intensity.  The  use  of  a  Wratten  type  T7A  filter  instead  of 
the  Wratten  type  50  filter  would  give  a  much  higher  light  intensity  and  still 
produce  monochrcoa tic  light. 

The  critical  adjustment  of  the  system  was  the  setting  of  the  image 
knife-edge  slit.  The  slit  width  as  well  as  the  portion  of  the  image  cut  off 


NONUNIFORM  DARKENING  CAUSED 
BY  A  WIDE  SOURCE  SLIT 
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determined  the  sensitivity.  The  knife-edgi  must  be  set  perfectly  at  the 
focal  point  of  the  second,  field  lens  to  give  uniform  darkening  of  the  screen. 

The  trial  and  error  method  was  the  only  procedure  found  satisfactory  for  setting 
the  knife-edge  -  At  the  low  )fcch  Number  of  l.G7>  a  suitable  image  could  be 
obtained  at  several  knife-edge  settings,  since  the  density  gradients  were 
large,  but  with  the  snail  density  gradients  across  a  shock  wave  at  Mach  3-75, 
a  very  critical  setting  wa6  required. 

Future  improvements  of  the  systssi  would  include  the  use  of  better  lenses 
and  a  W rat ten  type  77A  filter. 
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